In this study we construct a thermal and mechanical model for the genesis of oceanic crust. Magma is halted in its ascent within the oceanic crust when it reaches a freezing horizon, where the dilational volume change associated with magma freezing leads to viscous stresses that favor magma ponding near the freezing horizon. To model the steady state thermal impact of crustal accretion via dike injection and pillow flows, we treat all crustal accretion in rocks cooler than a magma "solidus" to occur in a narrow 250-m-wide dike-like region centered about the ridge axis. The rest of the oceanic crust is modeled to be emplaced as a steady state magma lens directly beneath the "solidus" freezing horizon where the steady state emplacement rate is determined by the constraint that this lens supply all crust that is not emplaced through diking/extrusion above the magma lens. If hydrothermal heat transport within crustal rocks cooler than 600øC removes heat 8 times as efficiently as heat conduction, then we find that a steady state magma lens will only exist within the crust for ridges spreading faster than a 25 mm/yr half rate. The depth dependence of the magma lens with spreading rate is in good agreement with seismic observations. These results suggest that a fairly delicate balance between magmatic heat injection during crustal accretion and hydrothermal heat removal leads to a strongly different crustal thermal structure at fast and slow spreading ridge axes. Our results support the hypothesis that median valley topography is due to extension of strong ridge axis lithosphere; it is the difference in thermal regime that is directly responsible for the striking difference between the typical median valley seen at slow spreading ridges (e.g., Mid-Atlantic Ridge) and the axial high seen at fast spreading ridges (e.g., East Pacific Rise). This paradigm for the origin of a median valley at a slow spreading ridge predicts that along-axis variations in median valley topography of a slow spreading center reflect variations in recent magmatic heat input along a segment, that is, that the axial topography is a good time-averaged indicator of the relative importance of hydrothermal cooling and magmatic injection along a given section of a ridge segment. We determine the accumulated crustal strain associated with lower crustal flow which supports the hypothesis that the Oman Ophiolite crust was created at a paleo-analogue to a fast spreading ridge and also suggests that crustal strain, and not cumulate layering, may be the dominant physical process that generates "layered gabbros" within the Oman Ophiolite.
INTRODUCTION
Recent seismic studies of fast and slow spreading ridges suggest that a quasi steady state magma chamber exists at shallow • 1.5 km depths beneath the axis of a fast spreading ridge but is not present within the crust at a slow spreading center. This observation may be a fundamental clue to the physical origin for the characteristic difference in axial topography between the median valley topography of a slow spreading ridge and the axial high topography of a fast spreading ridge. Observations of crustal layering in the Oman Ophiolite can also be used to constrain the pattern of magma injection and crustal flow at a spreading center. After reviewing these observational constraints we present a simple model for heat and mass transport within oceanic crust that suggests that a fairly delicate balance between magmatic heat injection during crustal accretion and hydrothermal heat removal leads to a strongly different crustal thermal structure at fast and slow spreading ridge axes, that is that a difference in thermal regime is directly responsible for the observed differences in axial morphology. Figure 1 shows a typical across-strike MCS profile. The reflector is continuous where the axial depth and morphology point to strong magmatic activity, and it disappears as the axis deepens and narrows. The magma chamber reflector is found along roughly 60% of the rise axis between the Siqueiros transform and 13ø30'N. After correction for the diffraction effects associated with the magma chamber reflector, the inferred across-strike width of the magma chamber reflector is 1-1.5 km [Kent et al., 1990 ].
Analysis of expanding spre. ad profile data confirms that the reflector coincides with a sharp interface between high velocities above and low velocities below [Harding et The picture of axial structure that emerges from the northern EPR seismic work includes a 6-km-wide zone of hot plutonic rocks with a small or negligible amount of melt capped by a thin (<100-500 m thick), narrow (0-2 km wide) lens of high melt fraction. The narrowness of the actual magma chamber and its further constriction or interruption at small axial discontinuities are consistent with the petrological observation that even the smallest discontinuities form boundaries between different magma sources. However, the combination of a surprisingly small volume of subaxial melt and the along-axis continuity of the magma chamber for tens of kilometers suggests that melt production must be quite steady and that the magma must generally cycle through the axial system rapidly. This is a radically different magma chamber structure than that proposed in many previous ideas of a crustal-thicknesssize chamber, although it is essentially the magma chamber structure envisioned by Sleep [1975; . It is consistent with ophiolite evidence for 100 m scale cryptic geochemical variation within the crustal gabbros of the Oman Ophiolite [Browning, 1984] , and a magma lens of the size seen at the EPR is large enough to easily generate the major extrusives recently mapped along the Cocos-Nazca Ridge [Macdonald et al., 1989] . Gravity data along the EPR are also consistent with a small magma chamber [Madsen et al., 1990] Figure 8 , also show that the thickness of the seismogenic ridge axis lithosphere decreases with increasing spreading rate. Since the depth to the seismic brittle-ductile transition is thought to roughly correspond to the 750øC isotherm [Bergman and Solomon, 1984; Wiens and Stein, 1983] , this observation implies generally cooler crust at slower spreading ridges. Purdy et al. [1992] show a complementary relationship: the depth to the top of the axial low-velocity zone gets shallower with increasing spreading rate. Similarly, microearthquake observations [Riedesel et al., 1982] suggest that the brittle layer extends to a depth of only •2 km depth at a fast spreading ridge where large amplitude ridge axis topography is absent.
The strong correlation between an axial seismic "magma chamber" and a surficial "fast spreading" axial morphology Sleep, 1985b; Collier and Sinha, 1990 ] also show an axial magma chamber reflector where a "fast spreading" axial high morphology exists. There is a slight spreading rate dependence to the depth of the magma lens with the shallowest lens depths at the fastest spreading rates [cf. Purdy et al., 1992] . These data and uncertainties are plotted in Figure 7 . Unlike Purdy et al. [1992] we do not mix measurements of the depth to a magma lens with measurements of the top of the axial low-velocity zone at slower spreading rates. We feel that the depth to an axial low-velocity zone is a different thermal measurement than the depth to (or existence of) a magma lens and thus should not be directly compared with observational magma lens constraints.
OPHIOLITE OBSERVATIONS
As noted above, the Oman ophiolite, thought to be created at a fast spreading center [cf. Nicolas, 1989 ], shows cryptic chemical variation which suggests that only a small magma body was present at any time during crustal accretion [Browning, 1984] . In addition this ophiolite shows a structural sequence through the gabbro section from isotropic gabbros directly beneath the sheeted dike/gabbro contact grading downwards to more strongly "layered" gabbros near the gabbro/mantle peridotite interface [e.g. Pallister and Hopson, 1981; Nicolas et al., 1988] . Changing layer dips within the gabbro section have been used to infer the shape of a nearridge magma chamber in which these "cumulate layers" are deposited [Smewing, 1981] . In particular, this fabric development shown in Figure 2 was [1989] , and Chen and Morgan [1990] . Its most important conceptual ingredient is that it is the interplay between magmatic crustal injection and hydrothermal cooling that is responsible for the presence of a quasi steady state magma lens beneath a fast spreading ridge and the dramatic change in axial morphology between a fast and slow spreading ridge axis (because axial morphology directly reflects the lithosphere strength or thickness across a ridge axis which is quite sensitive to this thermal balance). The resulting magma injection and crustal flow structure that we envision is extremely similar to the qualitative crustal accretion scenario sketched by Sleep [1975; and also similar to the subsiding magma chamber floor model of Dewey and Kidd [1977] .
What is new in this study is that we consider here that crustal accretion at a fast spreading ridge is strongly shaped by the maximum height to which magma can rise in a steady state manner before freezing. We also extend this model to calculate the strain associated with lower crustal flow, so we may compare model predictions of crustal strain associated with a given magma injection geometry with observations from the Oman Ophiolite.
Magma Ascent and Emplacement
Magma ascent within the oceanic crust is probably controlled by two complementary processes: (1) magma will ascend only if buoyancy forces (or, if large enough, viscous pres-Gabbro Layering & Genesis --Oman Ophiolite [Smewing, 1981] Magma Chamber The rest of the oceanic crust is modeled to be emplaced as a steady state magma lens directly beneath the "solidus" freezing horizon. We take the • 1-km-wide • 250-m-thick prismatic shape inferred from recent EPR seismic studies cited above to be a kinematic constraint on the shape of this magma lens. Once we have this shape, the steady state emplacement rate is determined by the constraint that this lens supply all crust which is not emplaced through diking/extrusion above the magma lens. The depth of this lens is controlled by the depth of the magma "solidus" (here taken to be 1200øC) determined from a self-consistent thermal structure for a spreading center. Thus the lens will cease to exist in this model if the steady state thermal structure places this solidus isotherm beneath the crust. In addition, the injection rate within the lens will diminish as the lens moves deeper into the crust, since magma injection into the lens only supplies magma for crustal sections below the sheeted dike complex. Note that this "solidus" temperature should be viewed as the effective temperature at which the magma is sufficiently crystallized to behave mechanically as a strong, viscous fluid. While the freezing interval of a cooling basaltic liquid will have important effects on the chemical/petrologic evolution of magma and rock, it will only have a secondary effect on the thermal structure and flow away from a magma lens and will therefore be neglected within this initial study of the physics of crustal flow and heat transport. For the same reason we do not address convection and magma fractionation processes within the magma lens. See Quick and Denlinger (1992) for an analysis of some of the petrologic consequences of crustal genesis by predominant melt injection within a small magma lens.
The thermal structure at a spreading center is predominantly influenced by two factors in this model: (1) the depth and injection rate within a potential steady state magma lens, and (2) the efficiency of hydrothermal circulation in removing heat through rocks that are cool enough to permit cracking and hydrothermal heat transport. To assess this conceptual model we have implemented it as a finite element code based on the code described by Chen and Morgan [ 1990] . We have modified the flow solver of this code to solve for a flow problem which includes the effects of magma injection or removal instead of purely incompressible viscous flow. Details of our solution algorithm are presented in the Appendix.
Hydrothermal Cooling
The primary remaining uncertainty in these numerical experiments is how to appropriately parameterize the form and magnitude of these effects of hydrothermal circulation on shaping heat transport within the crust. We choose the formulation developed by Phipps Morgan et al. [1987] who use the results of Combarnous [1978] to treat hydrothermal heat transport as an enhanced thermal conductivity within the temperature and depth range where hydrothermal activity occurs. Where hydrothermal cooling occurs, the ordinary thermal conductivity is enhanced by a factor Nu, the Nusselt number or ratio of hydrothermal heat transport within a permeable layer to heat transport by heat conduction alone. Rock at temperatures greater than 600øC or a depth greater than 6 km is assumed to be impermeable. Since water as hot as 400øC discharges from vents on the seafloor, this is a minimum value of the maximum temperature through which water must circulate. Phipps Morgan et al. [1987] Morton and Sleep [ 1985a] suggest that the limit temperature should be at least that obtained by extrapolating the surface hydrothermal venting temperature down to 45-MPa pressures at a shallow magma lens which yields a 465øC cutoff [Bischoff and Rosenbauer, 1984] . In addition, they suggest that hydrothermal cooling will rapidly cool the near crack environs so that the average rock temperature can be ,-•600øC with fluid present in locally cooler cracks.
For the purposes of this study we can sidestep this question to some degree because the hydrothermal heat loss will be governed by an approximate product of the hydrothermal heat transport enhancement factor Nu times the hydrothermal cutoff temperature, e.g., qhudro • (Tc,,.toff-Twater)Nu/zc•,.toff.
Thus for a lower Tcutoff we find that we will need a higher Nu value to produce a magma lens at a given depth for a fast spreading numerical experiment. Figure 3 shows the strong trade-off between Tcutoff and Nu in cooling off the axial upper crust, illustrating graphically that once we can determine Tcutoff from rock and water chemistry observations, then we can use this approach to determine the effective additional heat transport by hydrothermal circulation and so estimate the effective permeability within the hydrothermal system. Gregory and Taylor [1981] report that subsolidus oxygen isotope exchange occurred mainly within the upper 5-6 km of the ophiolite, thus giving an estimate of the maximum depth of water penetration. In these studies we generally choose to model hydrothermal heat transport as Nu = 8. We choose this value because it leads to a solution where a steady state magma lens can exist at 1.2-to 1.5-km depths beneath a fast spreading ridge and not exist beneath a slowly spreading ridge (see Figure 7) .
As noted above, deep hydrothermal alteration within the Oman ophiolite seems to be concentrated near faults. This observation suggests that it may be a reasonable hypothesis that crustal extension through faulting opens channels for hydrothermal flow and these channels lead to a higher effective hydrothermal cooling enhancement in slow spreading environments where large median valley bounding normal faults and 6-to 10-km-deep seismically active faults are present ( Figure  8a ). In this study we will only briefly explore a spreading rate dependence to the efficiency of hydorthermal heat transport. If this dependence does exist (which we feel is likely), it is likely to be an enhancement from Nu =8-10 at fast spreading ridges to Nu =12-15 at median valley ridges. We choose not to include this effect because it will only enhance the already strong trends that are seen in the following suite of numerical experiments. Figure 7 shows the depth to a magma injection lens plotted versus spreading rate where Nu and the solidus temperature are fixed and only the spreading rate is varied. In this case there is a fairly abrupt transition with spreading rate from a shallow steady state magma lens at a 30mm/yr spreading half rate to no steady state magma lens within the crust at a 20 mm/yr spreading half rate. There is good agreement with seismic observations of the depth to a magma lens as a function of spreading rate which are also plotted in Figure 7. (Note, however, that the higher Nu=12 shown in Figure 7 is more consistant with the 30-35 mm/yr spreading half rate which is roughly observed [Macdonald, 1986; Small and Sandwell, 1989 ] as the transitional spreading rate between median valley and axial high relief, but it is less consistent with the depth of the magma lens at fast spreading ridges; these results support a slight hydrothermal enhancement associated with median valley extension.) We performed a suite of numerical experiments in which the magma lens was assumed to be a 2-km-wide, 500-m-thick body, that is twice the width and more than 4 times the volume of the lens in the above numerical experiments.
MODEL RESULTS

At
We found that the depth of the lens is most strongly controlled by the balance between the rate of magma injection within the lens and hydrothermal cooling; to first order a bigger lens does not influence the net rate of magma injection and hence does not effect the depth of the lens. To second order, a wider lens is more efficiently cooled at the axis, resulting in a slightly We can use Figures 4 and 5 to assess the implications of a deeper magma injection lens beneath a fast spreading ridge. If magma injection is relatively uniform with depth (like in Figure 5 ) then there will not be major differences in accumulated strain with depth in a crustal or ophiolite section. In the accumulated strain hypothesis for the development of layering, it is where the flow "turns" a comer that the straining is most intense; thus if injection occurred at the bottom of the crust with crustal flow to shallower levels, then we would expect the opposite sense of layer development to that seen in the Oman Ophiolite. It is only a shallow-level intrusive center that leads to isotropic gabbros at shallow stratigraphic levels undedain by progressively more deformed gabbro sections. Thus the layering development, intensity, and gabbro dips in the Oman Ophiolite support a scenario where crustal injection to form this crust occurred by predominant magma freezing within a narrow sill near the sheeted dike-isotropic gabbro contact. This is in agreement with previous assertions that this crust was created at an analogue to a fast spreading ridge like the present EPR spreading center [ e.g. Nicolas, 1989 ].
Implications of Along-Axis Magma Transport and Injection
Currently, them is a debate about whether magma emplacement along a fast spreading ridge is fairy continuous along- [1992] note that while gravity and topography data show that slow-spreading ridges have a clear along-axis variation in crustal thickness (i.e., integrated magma supply varies along-axis), the much smaller along-axis gravity and topography variation at a fast spreading ridge can be explained by either a more twodimensional (2-D) pattern of upwelling and melting beneath a fast spreading ridge or by a well-connected, temporally persistent magma lens (or low-viscosity zone) that smooths the along-axis crustal structure at a fast spreading ridge. Within this latter scenario we can interpret the above model results as modeling crustal flow due to along-axis feeding of the sheeted dike section and the magma lens; to first order the model will not be different if magma supply comes from the side instead of from locally beneath the crust. For slow spreading ridges, the model assumption of a 2-D crustal flow structure away from a diking region is not as strong. Again, along-axis crustal flow will preferentially occur in the hottest, weakest regions since plate extension tends to confine flow of stronger regions to the plate-spreading direction. However, the crustal thickness is not strongly smoothed by along-axis flow resulting in and that the lithosphere stress-supported topography remains after extension stops, successfully explaining the persistence of failed rift topography. In this scenario, the axial high typically seen at fast spreading ridges is not supported by lithosphere stretching stresses which are very small across the thin, weak, axial lithosphere of a fast spreading ridge. Instead the axial high is isostatically supported by the low density melt lens and region of "hot rock" directly beneath the ridge axis. This study supports the idea that it is the balance between magmatic heat input and hydrothermal heat removal which determines the thickness (m yield strength) of the axial lithosphere, which in turn controls the axial morphology associated with plate boundary extension. The axial "strength" of the lithosphere is a qualitative measure of the magnitude of the horizontal extensional stress that can be supported during ridge axis extension. Figure 8 shows the axial yield strength as a function of spreading rate for two crustal and mantle rheologies: (1) where the crust and mantle rheology are both described by an olivine brittle-ductile rheology, and (2) where the crust is described by a weaker diabase rheology while the mantle is described by an olivine rheology. (See Chen and Morgan [1990] for more discussion of an appropriate ridge axis rheological structure.) Again, in all numerical experiments the only physical parameter that varies is the spreading rate. Independent of detailed crustal rheology, there is a strong increase in axial yield strength once the half spreading rate drops below m 20 mm/yr. The large variation in integrated axial yield strength with spreading rate shown in Figure 8 is a likely reason for the typical presence of a strong lithosphere extension-generated median valley at a slow spreading ridge and its absence at a fast spreading ridge where a shallow melt lens is commonly seen. Figure 8a shows that the depth to the 750øC isotherm found in these experiments correlates well with the spreading rate dependent maximum earthquake slip depths inferred from teleseismic and microseismic studies.
Axial Variability Along a Single Ridge Segment
This paradigm for the origin of a median valley at a slow spreading ridge would predict that along-axis variations in median valley topography of a slow spreading center reflect variations in recent magmatic heat input along a segment, that is, that the axial topography is a good time-averaged indicator of the relative importance of hydrothermal cooling and magmatic injection along a given section of a ridge segment. Thus along-axis variations in crustal thickness should be correlated with variations in median valley relief, with thicker (= hotter) axial crust at relative lows in median valley relief along a segment [Phipps Morgan, 1991] . This hypothesis is supported by current evidence about along-axis variations in the temperature structure of a slow spreading ridge found from seismic velocity variation and along-axis variations in maximal microearthquake hypocentral depths. Figure 9 shows a recent hypocenter distribution along a segment of the Mid-Atlantic Ridge . There is a strong positive correlation between maximum hypocentral depths and ridge axis bathymetry and a similar relationship between along-axis velocity structure and ridge axis bathymetry. These correlations imply that the shallowest sections of a ridge segment are underlain by a hotter, weaker crust; at a given depth, a hotter temperature leads to slower seismic velocities. The axial depth/maximum hypocentral depth relationship shown in Figure 9 also implies that the shallowest sections of a ridge segment are underlain by a thinner strong, brittle lithosphere, suggesting that the volume of crustal injection (magmatic heat input) shapes the lithosphere thickness along a spreading center.
DISCUSSION
This study has focused on marshaling further evidence for two aspects of an emerging paradigm for the origin of axial topography at a mid-ocean ridge: (1) stretching of strong axial lithosphere is responsible for the origin of a median valley along a spreading center, and (2) the thickness of this strong lithosphere is controlled by a delicate balance between heat input by magma injection and removal by hydrothermal circulation so that the presence or absence of axial topography directly reflects the axial thermal structure along a ridge. This paradigm is shown to be consistent with a thermally controlled magma "solidus" temperature which limits the height at which magma rises to and can exist as a quasi steady state feature at a spreading center. It is consistent with the melt lenses recently imaged along fast spreading ridges but which have not been found where an axial valley morphology is present. We have also shown that the progressive development and orientation of gabbro layering with increasing depth within the crustal section of the Oman Ophiolite support this emerging paradigm if the development of layer-structures within the crust reflects how much viscous strain a gabbro has experienced rather than reflecting a cumulate "settling" mechanism.
While we feel these results are robust, there are several aspects of this study that should be improved and explored in future studies. The first is time dependence. We chose in this study to examine as simple a model as possible and thus parameterize dike injection above the gabbro sections of the crust as a time-averaged steady state process despite the inherently time-dependent nature of individual dike intrusion episodes. Thus this study cannot address to what extent and over what time scales a time-dependent intrusion process would change the temperature structure of oceanic crust. See Henstock et al. [1992] for an initial analysis of these effects. We also have ignored the possibility of crustal magmas assimilating and reacting with gabbros during their ascent through the crustal section; an investigation of these processes will require a better description of the effects of chemical reaction on the density of both magma and host rock. Fortunately, one where p is the pressure, and/• and A are the shear and bulk viscosity, respectively [cf. Tritton, 1977] . In the above equations we use a comma to represent differentiation by the subsequent index and the summation convection applies to an implicit sum of repeated indices. While the shear viscosity of mantle and crustal rocks is poorly known, the bulk viscosity is even less well known, so for this suite of numerical experiments we choose A = /•. In addition, we consider in this suite of experiments that mantle upwelling is solely driven by plate spreading and we do not treat buoyant contributions to mantle upwelling that are discussed by Phipps Morgan [1991] . In this suite of experiments we are trying to limit our initial model complexity to the oceanic crust.
The above equations are solved using a finite element formulation which extends the formulation ret•orted bv Chen and Morgan [1990] . Since the viscosity is a function of temperature which is a priori unknown we must solve this problem by iterating to a steady state solution. For speed and computer memory savings we treat the temperatn re and flow subproblems separately within a larger iteration loop. 
Weak Form of Energy Conservation
Numerical Flow Problem: Solution Algorithm
The finite element solution for viscous flow within a region with a prescribed dilatation is a new feature of this study. The problem is extremely similar to that for an incompressible fluid which is well summarized by Reddy [1984] and Hughes [1987] ; the difference is that we now prescribe the dilatation to have a potentially nonzero value. In what follows we will present a penalty finite element formulation for this problem. A standard approach to developing a finite element formulation is to pose the governing equations in terms of a variational principle. The standard penalty formulation for slow viscous flow (Stokes' Equation) is presented in this way by Reddy [1984] . The variational form -3.3 krn ............................................................ •. ............................. • .......... ß .......... For a large enough '7 > 0( 106/•) this iteration converges extremely rapidly (2-5 iterations). The first iteration with a pressure guess p = 0 is simply the standard penalty solution, which is already quite good for large '7. Note also that in the direct Gaussian elimination solution implementation of the finite element equations we only have to form and factor the stiffness matrix once for this problem; thus subsequent iterations are extremely cheap to compute.
Rheology and Boundary Conditions
Although we are primarily interested here in solving for crustal flow and thermal structure, we need to also solve for mantle flow to properly treat the thermal and mechanical effects of a growing lithosphere. Thus we solve for heat and mass transport within a 90 x 140 km region on one side of a symmetric ridge axis as shown in Figure A1 . Each of the figures in the main text was solved in this larger computational domain. The viscous rheology that we use is a simplification of that presented by Chen and Morgan [ 1990] . For this study we assume a Newtonian lithosphere, mantle, and crustal viscosity structure with a lithosphere viscosity which is 104 greater than the asthenosphere (mantle) viscosity. The asthenosphere viscosity is, in turn, 103 times greater than the viscosity of "hot crust" above 750øC, resulting in a total viscosity range of 107.
(The total strength range is limited by the dynamic viscosity range of a penalty algorithm which is about 107 for a double precision numerical code [Hughes, 1987] .) The lithosphereasthenosphere transition within the mantle is governed by the 750øC isotherm, and the dike injection region is set to have a strength 10 times less than that of the lithosphere. These box, and that on the top surface To = 0øC. For flow, the vertical velocity and horizontal shear stress are zero at the top of the box; on the sides of the box we assume that passive plate spreading flow occurs beneath the rigid part of the lithosphere, and we assume the bottom of the region to be a shear and normal stress free surface. See Chen and Morgan [1990] for further discussion of these boundary conditions. The boundary condition that is unique to this problem is that for the influx of magma in the crustal accretion zone. We treat this magma, for a geometry which is determined as discussed in the main body of the text, as intowing at a steady state rate which exactly balances crust leaving the region with plate spreading. The effective temperature of this intowing material is set to be higher than the magma solidus by an amount equal to the energy released as latent heat of cooling (see Phipps Morgan et al. [1987] for further discussion of this type of boundary condition). All of this latent heat of cooling is released at the top of the magma lens. 
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